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Water as a lubricant
Oil
Nature’s primary choice of 
lubricant
Men’s primary choice of 
lubricant
Water
Challenges in oil‐based lubrication:
f h til l 0 001!
limited resources
environmental issue (especially additives)
µ  or  uman car age: as  ow as  .
Water as a lubricant in engineering point of view
‐ non‐toxic
‐ environmentally‐friendly
readily available and cost effective
‐ poor pressure response
low pressure‐coefficient of viscosity‐        
‐ non‐flammable
‐ high thermal capacity
water:  α = 0.36 GPa‐1
oil:      α = 10‐20 GPa‐1
limited application temperature
‐ biocompatible
‐    
‐ corrosion for ferrous materials
water oil
Nature’s approach to use water as lubricant
brush‐like, sugar‐based
macromolecules
Mucins
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Mucin (polymer)
P t l t
PGM 
(STM, 360 nm × 360 nm)
Roberts, CJ et al Proteins and 
ro eog ycan aggrega e
• plays a key structural role in cartilage
Peptide Letters 1995 2, 409
Lubricin
• mucinous glycoprotein of the synovial
sugar chains
link protein
hyaluronan
core protein
fluid (250 µg/ml, MW = 2.3 × 105 g/mol)
S. Lee et al., SCIENCE 2008
Lubricity of mucins/mucus gels
Mucus, Mucin, and Mucin Domains
stiff , charged, hydrophilic, ca. 70% of mass
Schematic representation of the mucin
mucus (gel)
2HN COOH
maybe flexible, charged, 
hydrophobic/‐philic
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Schematic representation of the Lubricin (PRG 4)
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Mucus gels
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Gel‐formation (in vivo)
disulfide bonding
hydrophobic interaction sugar‐sugar interaction
Monolayer of mucins at water/solid interface 
(sub)monolayer 
surface‐coatingwater
solid
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? Lubrication
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Model surface and pin‐on‐disk tribometry
pin‐on‐disk tribometerElastomer as model surface of biological 
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Lubrication properties of PGM solution: pH 7
Lubrication properties of PGM solution: pH 2
Lubrication properties of PGM solution: pH 12
Optical Waveguide Lightmode Spectroscopy (OWLS)
Surface adsorption properties: OWLS
    
Adsorption of mucins onto PDMS surface 
*PDMS (~30nm)
Waveguide
(SiOx0.75TiOx0.25)
TM TE
incidence angle
Surface adsorption properties: OWLS
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Surface adsorption properties: OWLS
pH and ionic strength dependence
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Tertiary structure: Near‐UV CD spectroscopy
pH dependence
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Tertiary structure: Near‐UV CD spectroscopy
Ionic strength dependence
20
30
pH2 (buffer only)
pH2 (KCl, 0.01M)
pH2 (KCl, 0.1M)
pH2 (KCl, 1.0M)
0
10
pH7 (buffer only)
pH7 (KCl, 0.01M)
pH7 (KCl, 0.1M)
pH7 (KCl, 1.0M)
pH12 (buffer only)
pH12 (KCl, 0.01M)
-20
-10
pH12 (KCl, 0.1M)
pH12 (KCl, 1.0M)
-30
250 270 290 310 330 350
wavelength (nm)
PGM, 1mg/ml buffer: 1mM KH2PO4, KCl 0.1M  
A schematic model at the sliding interface
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Model polysaccharides : Dextran and Hyaluronic acid
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Model proteins : albumin
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Soft Elastohydrodynamic Lubrication (soft EHL)
amroc ,  owson,  s a an an
Hamrock, B.J. and Dowson, D., Proc. 5th Leeds‐Lyon symp. on Trib. 22‐27 (1979)
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Soft EHL
min = 1.79 R . α .  η0  . U . E‐ . W‐ .
hmin = 2.8 R0. η0 0.65 U0.65 E‐0..44 W‐0.21
α : pressure coefficient of viscosity
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Effect of surface hydrophilicity 
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Adsorption of albumin
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Mucins from different organs: similarity and difference
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BSM vs. PGM: Adsorption behavior
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BSM vs. PGM: Size (Dynamic Light Scattering)
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Increase in size (aggregation) at 
pH 2 is general for both mucins, 
0 50 100 150 200
Z-average (nm)
but is more pronounced for PGM
than BSM
PGM (pH 2) PGM (pH 7) UV/Vis spectroscopy
BSM vs. PGM: Protein composition
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Tertiary structure: Near UV CDSecondary structure: Far UV CD
BSM vs. PGM: Protein conformation
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Protein unfolding: Fluorescence Spec.
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A proposed model: In bulk solution 
A proposed model: At liquid/solid interface
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